The regulation of the pea (Pisum safivum) leaf mitochondrial pyruvate dehydrogenase complex by respiratory rate and oxidative phosphorylation has been investigated by measuring the respiratory activity, the redox poise of the quinone pool (Q-pool), and mitochondrial pyruvate dehydrogenase (mtPDC) activity under various metabolic conditions. It was found that, under state 4 conditions, mtPDC activity was unaffected by either the addition of succinate, 2-oxoglutarate, or glycine or the overall respiratory rate and redox poise of the Q-pool but was partially inhibited by NADH dueto product inhibition. In the presence of ADP significant inactivation of PDC, which was sensitive to oligomycin, was observed with all substrates, apart from pyruvate, suggesting that inactivation was due to ATP formation. lnactivation of PDC by ADP addition was observed even in the presence of carboxyatractyloside, an inhibitor of the ATP/ADP translocator, suggesting that other mechanisms to facilitate the entry of adenylates, in addition to the adenylate carrier, must exist in plant mitochondria.
The mtPDC is a large multienzyme complex consisting of three enzymes that convert pyruvate to acetyl-COA . The activity state of the complex is controlled by two associated regulatory enzymes: PDH kinase and PDH-P phosphatase (Rubin and Randall, 1977; Reed, 1981) . Phosphorylation inactivates the complex, whereas dephosphorylation reactivates it (Randall et al., 1981 . Thus, the steady-state level of PDC activity reflects the phosphorylation status of the complex. Previous in situ investigations into the regulation of PDC have revealed that the enzyme is inactivated when pyruvate concentrations become limiting, but it can be reactivated by saturating levels of pyruvate. Plant PDH kinase activity is dependent on Mg-ATP, stimulated by micromolar NH4+, and inhibited by pyruvate and ADP. In contrast to mammalian PDH-P phosphatase, Caz+ levels have little effect on the dephosphorylation of plant mtPDC, and although the plant PDH-P phosphatase requires Mg2+, no other effectors of the phosphatase have been found .
Of particular interest was the finding that the mtPDC is deactivated during the in situ oxidation of other substrates such as succinate or Gly . Further characterization of this enzyme complex has indicated that mtPDC is largely in an inactivated form in illuminated leaves and that photosynthesis is required for this inactivation to occur (Budde and Randall, 1990) . The light-dependent inactivation of PDC has been demonstrated to be rapidly reversed in the dark, and the phenomenon is suppressed by inhibitors of photorespiration such as 2-pyridylhydroxymethane sulfonic acid, isonicotinic acid hydrazide, and amino-acetonitrile. This has led to the conclusion that the conversion of Gly to Ser, catalyzed by Gly decarboxylase, produces NADH, which, when oxidized by the respiratory chain (with concomitant ATP synthesis), results in the subsequent inactivation of mtPDC (Gemel and Randall, 1992) .
In view of the finding that photorespiratory carbon metabolism appears to modulate mtPDC activity, the present study was undertaken in an attempt to determine whether this modulation is a result of respiratory (possibly at the level of the redox poise of the Q-pool) and/or oxidative phosphorylation activity.
MATERIALS AND METHODS

Materials
Pea (Pisum sativum L. cv Little Marvel) seedlings were grown in a growth chamber (10-h photoperiod, 250 pmol photons m-* s-' , 18OC) for 14 d before harvesting. Biochemicals were obtained from Sigma and Q-1 was kindly donated by Dr. J.T. Wiskich (University of Adelaide, Australia).
Mitochondrial lsolation
Mitochondria were isolated and purified from 14-d-old pea leaves on a O to 10% PVP/Percoll gradient as previously described (Day et al., 1985) . Protein was determined by the method of Bradford (1976) using BSA as the standard.
Assays
Oxygen uptake was measured polarographically in 2.1 mL of reaction medium containing 0.3 M mannitol, 20 m~ Tes (pH 7.5), 3 m~ MgC12, 10 mM KCl, 5 m~ potassium phosphate, 0.1% (w/v) defatted BSA, and, when appropriate, 1 PM Q-1 in a cuvette housing a Rank oxygen electrode and glassy carbon and platinum electrodes and containing 0.4 to 0.6 mg/mL of mitochondrial protein. The steady-state redox poise of the mitochondrial Q-pool was measured voltametrically as previously described (Moore et al., 1988 ) using 1 PM exogenous Q-1. The fully oxidized level of the Q-pool was taken as the level in the absence of substrate and the fully reduced level as the level following anaerobiosis.
PDC was assayed spectrophotometrically by measuring NADH formation at 340 nm using the rapid sampling technique of Budde and Randall (1990) in a medium containing 50 m~ Tes-NaOH (pH 7.6), 0.2% (v/v) Triton X-100, 1 m~ MgC12, 2 mM B-NAD, 0.2 m~ thiamine pyrophosphate, 0.12 m~ Li-COA, 2 m~ L-CYS, and 1 m~ sodium pyruvate. Assays were initiated by the addition of 100-pL aliquots from the cuvette (containing 40-60 pg of protein).
RESULTS
Effect of Respiratory Activity
To determine whether PDC activity is modulated specifically by the type of respiratory substrate or by the overall respiratory rate, PDC activity and the respiratory rate were measured simultaneously either prior to the addition of substrate or during state 2 (i.e. before an initial pulse of ADP).
A range of substrates were tested including Gly and succinate, both of which have been demonstrated to result in the inactivation of PDC in situ activity , and the results are summarized in Figure 1 . In the absence of substrate, maximal PDC activity was approximately 79 nmol min-' mg-' protein, and it is apparent from Figure 1 that this rate is unaffected (in the absence of added ADP) either by the addition of succinate, 2-oxoglutarate, or Gly, or the overall respiratory rate, which varied between 7 and 43 nmol O2 min-' mg-' protein. The addition of NADH, however, did result in an apparent decrease in PDC activity (between 25-40%) but this lower level of activity did not correlate with changes in the respiratory rate, since respiration could be increased 3-fold by the addition of 1 m~ Ca2+ without any significant effect on PDC activity. In agreement with previous reports (Miemyk and Randall, 1987a and Randall, , 1987b ) the 'inactivation" of mtPDC by NADH is due to product inhibition, since aliquots taken from the cuvette for the assay of PDC would make the NADH concentration 5-fold greater than the Ki for NADH (Miemyk and Randall, 1987a) . Addition of this amount of NADH directly into the PDC assay resulted in the same amount of inhibition as was observed with aliquots of enzyme from the cuvette (data not shown).
The lack of inactivation of PDC during the oxidation of other substrates, such as succinate or Gly, most likely reflects the absence of ADP (and hence the intramitochondrial formation of ATP). This conclusion is supported by the results presented in Figure 2 , which show measurements of PDC activity during state 3 to 4 transitions. It is apparent from Respiratory activity was measured in the presence of different substrates at the following concentrations: 1 mM NADH, 1 mM NADH in the presence of 1 m M Ca*+, 10 mM Gly, 2 mM pyruvate, 10 mM 2-oxoghtarate, and 5 mM succinate. PDC activity under these conditions was monitored by removing 100-pL aliquots for the spectrophotometric assay as described in "Materials and Methods." The results are the mean number from six experiments.
Figure 2 that, in the presence of either succinate or Gly, it is the phosphorylation of ADP that results in inactivation of PDC, but significant inactivation (i.e. >50%) does not occur until approximately 75 p~ ADP has been phosphorylated. The results in Figure 2 also confirm the finding that in the presence of pyruvate, a competitive inhibitor of ATP-dependent PDC inactivation, PDC activity is protected from inactivation by ATP, since, even in the presence of 100 p~ ADP, only 30% of PDC activity was inhibited.
lnfluence of the Redox State of the Q-Pool
To determine if the redox state of the Q-pool affects overall mtPDC activity, donor (succinate plus malonate) or acceptor (plus ADP, oligomycin, or antimycin) activities were modulated as indicated in Figure 3 . Figure 3A shows that in the presence of succinate, but prior to activation of succinate dehydrogenase, the respiratory rate is low, the Q-pool is approximately 90% oxidized, and PDC activity is the same as the control. Subsequent activation of succinate dehydrogenase by ADP (state 3), however, resulted in a 3-to 4-fold increase in the respiratory rate with concomitant reduction of the Q-pool (60%) and, as observed in Figure 2 , severe inhibition of PDC activity. Upon exhaustion of ADP and retum to state 4, the respiratory rate decreased and the Qpool became more reduced (70%), but PDC remained primarily in an inactive state. Although subsequent addition of malonate, under these conditions, resulted in inhibition of the state-4 respiratory rate and marked oxidation of the Qpool, there was no additional inhibition of PDC activity.
Because deactivation of PDC activity, as a result of ADP phosphorylation, may have masked any dependency of PDC upon the degree of reduction of the Q-pool, the experiments were repeated in the presence of oligomycin to inhibit oxidative phosphorylation (Fig. 3B ). In the presence of this inhibitor, the Q-pool remained relatively oxidized (since SUCcinate dehydrogenase had not yet been activated), and mtPDC activity remained similar to the control even with PDC activity was determined spectrophotometrically as described in "Materials and Methods" by removing 1 00-pL aliquots from the incubation medium. The results are the mean number from three experiments. further addition of ADP (which now activated succinate dehydrogenase and resulted in reduction of the Q-pool). The subsequent addition of antimycin A (to inhibit the Cyt bcl complex) had no effect on PDC activity, although it resulted in inhibition of the respiratory rate and reduction of the Qpool, suggesting that variations in the leve1 of Qr or respiratory rate do not regulate mtPDC activity. Furthermore, the results expressed in Figure 3B support the notion that formation of intramitochondrial ATP, as a result of oxidative phosphorylation, was the cause of deactivation of mtPDC, since in the presence of oligomycin the addition of ADP did not cause inactivation of mtPDC. These results indicate that there is no correlation between the redox poise of the Q-pool and the activation status of mtPDC.
The ATP-and ADP-induced inactivation of mtPDC activity was further characterized by investigating the mechanism by which this inactivation occurred; the results are summarized in Table I . It can be seen in the control that in the absence of succinate but in the presence of ATP, mtPDC activity was rapidly inactivated, and in agreement with previous studies ) the degree of inactivation was time dependent, since by the time succinate was added (3 min after addition of ATP) mtPDC was fully inactivated. Further addition of succinate, followed by ADP, stimulated the respiratory rate and resulted in cyclic reduction/oxidation of the Q-pool and virtually complete inactivation of PDC activity. In the absence of ATP, it was found that ADP could still activate succinate dehydrogenase as indicated by the marked reduction of the Q-pool and stimulation of respiratory activity. As observed in Figures 2 and 3 , the addition of ADP induced inactivation of mtPDC. In the presence of oligomycin, ATP-induced inactivation of PDC still occurred, but it was found that this inactivation was rapidly reversed by subsequent addition of substrate. As anticipated, even in the presence of oligomycin ATP still induced activation of succinate dehydrogenase, but further additions of ADP had no effect on any of the parameters, confirming that the ATP synthetase was inhibited.
In an attempt to determine if the reactivation of ATPinduced inactivation of mtPDC caused by the addition of succinate was a result of ADP exchanging for intramitochondrial ATP on the adenylate camer, the experiments were repeated in the presence of CAT, a powerful and irreversible inhibitor of the adenine nucleotide translocator (Vignais et al., 1973) . It is apparent from do not cause characteristic responses in the respiratory rate or steady-state changes of the Q-pool, confirming the inhibitory effect of CAT on the ATP/ADP translocator.
DlSCUSSlON
The mitochondrial PDC plays a key role in carbon metabolism and it links glycolytic and Krebs cycle activity. This laboratory has previously established (see Randall et al., 1989 ) that the activity of this complex in situ is regulated in part by phosphorylation (inactivation) and dephosphorylation (activation) catalyzed by PDH kinase and PDH-P phosphatase, respectively. ADP and pyruvate act as negative effectors of PDH kinase activity, whereas NHa+ stimulates its activity (Miemyk and Randall, 1987b; Randall, 1989, 1990) , and PDC itself is quite sensitive to product inhibition by NADH and acetyl-COA (Budde et al., 1991) . This laboratory has also recently established that PDC undergoes a light-dependent (photosynthesis) inactivation that appears to be linked to photorespiratory activity (Budde and Randall, 1990; Gemel and Randall, 1992) . It has been concluded (Gemel and Randall, 1992 ) that the light-dependent inactivation may provide a mechanism to regulate or limit carbon oxidation by the Krebs cycle during photosynthesis.
The simultaneous measurements of respiratory activity, redox poise of the Q-pool, and in vitro mtPDC activity presented in this report have confirmed previous observations on the inhibitory properties of intramitochondrial ATP . However, these results also demonstrate that activity of the complex is not regulated merely by the oxidation of respiratory substrates such as Gly or succinate, and furthermore, is not modulated by the redox poise of the Q-pool as appears to be the case for succinate dehydrogenase Singer et al., 1973) .
Previous reports of substrate-dependent inactivation (such as light-dependent, photorespiration-stimulated inactivation of PDC activity as described by Gemel and Randall, 1992) can most probably be accounted for by the formation of intramitochondrial ATP (as a result of oxidative phosphorylation) leading to stimulation of kinase activity. Indeed, the results presented in Figure 3B clearly demonstrate that in the presence of oligomycin, the addition of ADP has no effect on mtPDC activity. In a previous report (Schuller and Randall, 1990 ) ADP was shown to act as a competitive inhibitor of PDC kinase. Thus, it would initially appear that the inhibitory properties of ADP on mtPDC are the result of its conversion to ATP by oxidative phosphorylation. However, it is obvious from the results summarized in Table I that such an explanation is not totally justified since the addition of ADP, in the absence of ATP but in the presence of CAT, still caused inactivation of mtPDC even though oxidative phosphorylation was not functional (as evidenced by the lack of respiratory control and cyclic oxidation/reductions of the Other explanations to account for such an observation include (a) ADP itself inactivates PDC, (b) ADP is converted to ATP extramitochondrially, and (c) there is product inhibition of PDC. The results presented in Figure 3 rule out the first as a possible explanation because in the presence of oligomycin to inhibit oxidative phosphorylation, the addition of ADP alone had no effect on mtPDC activity. The conversion of ADP to ATP extramitochondrially could offer a plausible explanation of these results, and a possible candidate for catalyzing such a conversion is adenylate kinase, which is located in the intermembrane space (Day et al., 1979) and is tightly bound to the inner membrane. Indeed, we have previously demonstrated that adenylate kinase plays a major role in the regulation of respiratory activity under ADPlimited conditions (Fricaud et al., 1992) . Thus, ADP could be converted to ATP by the action of adenylate kinase, and it is the ATP, not ADP, that is the cause of inactivation of mtPDC. If this is the case then the inactivation process should be sensitive to P',P5-di(adenosine-5')pentaphosphate, a potent inhibitor of adenylate kinase (Kleczkowski et al., 1990; Fricaud et al., 1992) . Preliminary experiments, however, suggest that the inactivation occurs even in the presence of this inhibitor (A.L. Moore and D.G. Whitehouse, unpublished results) . An alternative explanation is that mtPDC is inactivated due to product inhibition. Both NADH and acetyl-COA act as very effective product inhibitors (Ki values are 18 and 10 p~, respectively; Miemyk and Randall, 1987a; Budde et al., 1991) . The question arises as to the nature of the reaction that results in the formation of NADH, particularly during the oxidation of succinate (as is the case in the results ex-Q-pool).
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pressed in Table I ). Presumably, NADH could be generated as a result of Krebs cycle activity and the concurrent operation of malic enzyme and malate dehydrogenase. An altemative possibility could be that it results from reversed electron transfer activity from succinate to NAD+. Douce et al. (1986) previously demonstrated that this activity is significant during the oxidation of succinate under state-4 conditions in potato mitochondria, and preliminary results from this laboratory suggest that this is also the case with pea leaf mitochondria (D.G. Whitehouse and A.L. Moore, unpublished results).
Therefore, both processes could account for the intramitochondrial formation of NADH. However, it is also apparent from Figure 1 and Table I that the formation of NADH alone is insufficient to result in complete inactivation of PDC since in the presence of oligomycin reversed electron transfer still occurs, but there is little inactivation of mtPDC. We therefore suggest that it must be the combination of reversed electron transfer and the conversion of ADP to ATP by adenylate kinase, followed by transport of ATP into the matrix, that is required for complete inactivation of PDC. The remaining vexing question concems the mechanism of adenylate entry in the presence of CAT. The experiments presented in this and a previous report (Fricaud et al., 1992) confirm that CAT is a potent inhibitor of oxidative phosphorylation. Therefore, it must be concluded that other mechanisms must exist that facilitate the entry of adenylates, in addition to the adenylate camer. There are severa1 reports in the literature to confirm this suggestion (Jung and Hanson, 1975; Abou-Khalil and Hanson, 1979) , and more recently data have been presented that suggest that adenylates may enter on a Pi exchanger (Joyal and Aprille, 1992) . If such a translocator exists in plant mitochondria, it could obviously act as a route for ATP entry following its formation in the intermitochondrial space. Further experiments are required to substantiate its presence and possible role in the regulation of PDC and overall respiratory activity.
